The Wnt signaling pathway controls numerous cell fates during animal development. Its inappropriate activity can lead to cancer in many human tissues. A key effector of the canonical Wnt pathway is b-catenin (or Drosophila Armadillo), a highly unstable phosphorylated protein that shuttles rapidly between nucleus and cytoplasm. Wnt signaling inhibits its phosphorylation and degradation; this allows it to associate with TCF/LEF factors bound to Wnt target genes and to stimulate their transcription by recruiting chromatin modifying and remodeling factors. The transcriptional activity of Armadillo/b-catenin also depends on Pygopus (Pygo), a nuclear protein with which it associates through the Legless/BCL9 adaptor. It has been proposed that Pygo associates with TCF target genes during Wnt signaling through Armadillo and Legless to recruit a transcriptional coactivator through its Nbox motif. Here, we report that Pygo is associated constitutively with dTCF target genes in Drosophila salivary glands and tissue-culture cells. Our evidence indicates that this association depends on dTCF and on the Nbox motif of Pygo, but not on Legless. We thus propose an alternative model according to which Pygo functions at the onset of Wnt signaling, or at low signaling levels, to capture Armadillo at dTCF target genes, thus enabling the interaction between Armadillo and dTCF and, consequently, the Armadillomediated recruitment of transcriptional coactivators.
Results and Discussion
The canonical Wnt pathway signals through Armadillo/ b-catenin and TCF/LEF factors to the nucleus to change the transcriptional program of animal cells [1] . These changes in transcription of TCF target genes are the basis for the Wnt-induced effects on normal cell proliferation and differentiation [2, 3] and are also thought to be relevant for the potent oncogenicity of activated b-catenin [4, 5] .
TCF factors are nuclear proteins with sequencespecific DNA binding properties that are bound to their target genes regardless of Wnt signaling [6] [7] [8] . In contrast, cytosolic Armadillo/b-catenin is unstable in the absence of Wnt signaling and shuttles rapidly in and out of the nucleus [9] [10] [11] [12] [13] . Wnt signaling inhibits the phosphorylation of Armadillo/b-catenin, thus activating it and promoting its stabilization [4] . Once in the nucleus, activated Armadillo/b-catenin associates with TCF target genes and, through its C terminus, recruits different types of transcriptional coactivators to these genes by direct binding. These include histone modifying and chromatin remodeling factors such as CBP/p300, SET-1, and Brg-1 [8, [14] [15] [16] [17] [18] [19] , TATA binding protein and associated factors [20, 21] , and also a transcriptional elongation factor [22] . Evidently, the C terminus of b-catenin is designed to recruit a wide range of cofactors with different activities, whose orchestrated actions confer the expression of TCF target genes during Wnt signaling.
Recently, a new conserved Wnt signaling component was discovered in Drosophila, called Pygopus (Pygo), which is required for the transcriptional activity of Armadillo in fly development and of b-catenin in human cancer cells [23] [24] [25] [26] . Pygo is a nuclear protein that associates with Armadillo/b-catenin through an adaptor, called Legless/BCL9 [23, 27, 28] , a highly mobile protein that shuttles in and out of the nucleus, like b-catenin [11, 13] . How Pygo controls Armadillo/b-catenin is unknown, but it has been proposed that it recruits a transcriptional coactivator through its N terminus [23] . A body of evidence indicates that Pygo is part of an adaptor chain attached to Wnt target genes (TCF>Armadillo/ b-catenin>Legless/BCL9>Pygo) [29] [30] [31] [32] ( Figure 1A) ; this adaptor chain involves a unique N-terminal portion of Armadillo/b-catenin for recruitment, unlike all the other above-mentioned transcriptional cofactors that are recruited by the C terminus of b-catenin to Wnt target genes ( Figure 1A ). The adaptor-chain model implies that Pygo is the most distal member of the chain and that its association with target genes strictly depends on Wingless signaling, activated Armadillo, and Legless.
To examine the association of Pygo with dTCF target genes in Drosophila cells, we raised an antiserum against its N terminus. This antiserum is highly specific, based on western blot analysis and the lack of staining in pygo-null mutant clones ( Figure S1 in the Supplemental Data available online). We used this antiserum to stain fixed preparations of polytene salivary gland chromosomes [33] as an assay for chromatin binding of endogenous Pygo. Indeed, we consistently observed a characteristic chromosomal banding pattern-a set of several-hundred bands of varying staining intensity ( Figure S2A )-distinct from that of Posterior Sex Combs ( Figures 1B and 1C ), a nuclear protein associated with a defined set of chromosomal loci [34] . We also observed a characteristic pattern of bands after staining these preparations with an antibody against dTCF ( Figure S2B and Figure 1D ). These bands presumably correspond to dTCF target loci with varying numbers of dTCF binding sites and/or accessibilities.
To compare the dTCF and Pygo loci, we expressed HA-tagged Pygo (HA-Pygo) with a salivary glandspecific GAL4 driver line (5015>GAL4), which allowed us to detect both proteins simultaneously by double staining. HA-Pygo produced an identical chromosomal-staining pattern to endogenous Pygo ( Figure 1C ). To our delight, this pattern was overall very similar to the dTCF-staining pattern ( Figure 1D ). To monitor coincidence of the two signals at individual loci, we generated photo montages of ''split chromosomes'' [33] ( Figures 1C and 1D , right-hand panels): focusing on genomic areas with the most dissimilar patterns, we found that loci with strong robust signals almost invariably showed coincidence of the two signals and that the lack of coincidence was by and large attributable to weak signals for either dTCF or HA-Pygo, some of which might be unreliable. Thus, Pygo tends to be associated with dTCF loci in salivary glands.
We next asked whether Pygo's association with dTCF loci depends on its binding to Legless. We thus stained chromosome preparations from salivary glands that expressed a Pygo mutant that cannot bind to Legless (HA-DLgs) (Figure 2A ) and failed to rescue pygo-null mutant embryos [35] . Nevertheless, double staining with antibodies against HA and dTCF revealed that the coincidence of this mutant with dTCF loci was unaffected ( Figure 2B ). This indicates that Pygo bypasses the adaptor links provided by Legless ( Figure 1A ) for its association with dTCF loci in salivary glands. Note that the Wingless pathway appears to be off in this tissue because Wingless expression is undetectable in larval salivary glands [36] (our unpublished data).
We also tested other Pygo mutants for their chromatin association, including one with a mutated Nbox (HAmutNbox) [35] (Figure 2A ). The Nbox is highly conserved among Pygo proteins and contains a short conserved NPFxD motif required for transcriptional activity of DNA-tethered Pygo in transfected Drosophila S2 cells [32] . Interestingly, we found that the binding of this Nbox mutant to polytene chromosome loci was compromised considerably: most preparations showed background HA-mutNbox staining compared to dTCF ( Figure 2C ), and residual HA staining could only be observed occasionally at a small subset of dTCF loci ( Figure 2C , arrow in merge). The same was true for a second Pygo mutant bearing a small internal deletion of its Nbox (HA-DNbox; data not shown). Both mutants were nuclear ( Figure S3 ) and expressed at similar levels as wild-type Pygo (Figure 2A) . Thus, the Nbox of Pygo is required for reliable association with dTCF loci in polytene chromosomes.
Recently, it was shown that a Pygo Nbox mutant failed to rescue zygotically mutant pygo embryos [32] , though we observed rescue activity of a similar Nbox mutant in pygo-null mutant embryos [35] , perhaps due to high expression levels of the mutant in this assay. To reexamine the function of the Nbox motif in a more direct assay, we tested the rescue activity of our Nbox mutants in pygo-null mutant clones by assaying expression of the Wingless target gene senseless (sens) in wing imaginal discs [25] . Sens staining was eliminated in pygo mutant clones in this tissue [25] (Figure S4A ) but was restored by overexpressed wild-type HA-Pygo (Figure S4B) , but not by HA-DLgs (data not shown), consistent with our earlier results [35] . However, neither Nbox mutant restored Sens staining ( Figure S4C ; data not shown), despite being expressed at levels comparable to wild-type HA-Pygo (see above). This result confirms previous findings [32] and shows that the Nboxincluding its NPFxD motif-is essential for Wingless target gene expression in wing imaginal discs.
We next asked whether we could detect binding of Pygo to known dTCF target genes by chromatin immunoprecipitation (ChIP). For technical reasons, we chose Drosophila S2 cells, and we first examined the association of endogenous dTCF with a Winglessresponsive enhancer of the dTCF target gene Ultrabithorax (Ubx) (UbxB, at 22.7 kb upstream of the Ubx promoter [37, 38] ) in these cells before and after Wingless stimulation ( Figure S5A ). We designed primer pairs for quantitative PCR (qPCR) assays for UbxB, and also for a neutral sequence further upstream as a control (Ups), and probed these sequences after crosslinking and immunoprecipitation with the dTCF antiserum. As expected, we detected a significant and constitutive association of dTCF with UbxB, but not with Ups ( Figure 3A) . Interestingly, we also observed a significant association of Pygo with UbxB in the absence of Wingless stimulation but, again, no association with Ups. In contrast, we detected a robust signal for Armadillo only after Wingless stimulation, but not before ( Figure 3A ; note that the signals for both dTCF and Pygo were also slightly increased after Wingless stimulation). Essentially the same results were obtained with a second dTCF target enhancer, the intronic N4 enhancer of naked (with N0 as a control [39] ), except in this case, the signals for both dTCF and Pygo association with N4 were significantly increased after Wingless stimulation ( Figure 3B ), as observed previously for dTCF [39] , perhaps because of increased chromatin accessibility as a result of transcription proceeding through the intronic N4 enhancer. These ChIP results underscore our findings from the salivary gland chromosomes and indicate that Pygo, like dTCF, is bound constitutively to Wingless-responsive enhancers in the absence of Wingless pathway activity.
To further test the co-occupancy of the Ubx enhancer with dTCF and Pygo, we performed reChIP experiments with antibody against Pygo after initial ChIP with antibody against dTCF and vice versa. We thus confirmed that dTCF and Pygo coincided at UbxB, before and after Wingless stimulation ( Figure 3C ).
Finally, we used RNA interference (RNAi) to deplete endogenous dTCF, Armadillo, and Legless in order to test which of these factors are required for Pygo's association with dTCF target enhancers. As a control, we depleted endogenous Pygo, which eliminated the Pygo ChIP signal on both UbxB and N4 ( Figures 3D and 3E) , demonstrating the specificity of this signal. Furthermore, we found that, on both enhancers, this signal depended to a large extent on dTCF, but not on Legless (Figures 3D and 3E) . Likewise, the Pygo signal did not depend on Armadillo in the case of UbxB ( Figure 3D ) and only partially on Armadillo in the case of N4 ( Figure 3E ). Western blot analysis showed that all four (A and B) ChIP assays for dTCF enhancers UbxB and N4 (white bars) and corresponding control sequences (Ups or N0, black bars), with and without Wingless stimulation, as indicated underneath panels; ChIP samples were prepared with antisera against dTCF, Pygo, and Armadillo and subjected to qPCR analysis. (C) ChIP/reChIP assays for UbxB, with and without Wingless stimulation; antisera against dTCF and Pygo were used as indicated underneath the panel, and qPCR analysis was done as in (A) and (B) . (D and E) ChIP assays for UbxB or N4, and corresponding controls, with a-Pygo antiserum, after RNAi-mediated depletion of dTCF, Armadillo (Arm), Legless (Lgs), or Pygo; qPCR analysis was done as in (A) and (B) . All values shown represent percentages of input DNA, and averages are from two independent experiments (standard deviations indicated by bars); nd, not detectable.
proteins were depleted efficiently ( Figure S5B ). These results indicate that Pygo relies on dTCF to associate with dTCF target enhancers, but not on Legless and only partially on Armadillo.
In summary, our results from the ChIP and polytene chromosome assays are consistent with each other: they indicate that Pygo associates with dTCF target genes in a dTCF-dependent way in the absence of Wingless stimulation, thus bypassing the need for the adaptor function of Legless. Indeed, our evidence suggests that Pygo relies on its Nbox motif to associate with dTCF loci, at least in salivary glands (Figure 2 ; unfortunately, we were unable to obtain reliable ChIP signals from HA-Pygo after transfection, so we could not test the Nbox function in the ChIP assay). Thus, the Nbox motif may bind to a factor ( Figure 4 , blue blob) that is constitutively associated with dTCF target genesprobably not dTCF itself though, given that Pygo does not appear to bind robustly to TCF proteins in vitro [24] (our unpublished data). This apparent role of the Nbox in mediating dTCF target-gene association contrasts its previously proposed role in recruiting a transcriptional coactivator [23, 31, 32] (Figure 1A) .
Perhaps the most compelling evidence for the coactivator hypothesis was the observation that DNA-tethered Pygo exhibited Nbox-dependent transcriptional activity in transient reporter assays in Drosophila cells [23, 31, 32] . However, we were unable to detect Nboxdependent transactivation in transfected 293T cells, despite testing two different pairs of DNA-tethered Pygo constructs and three types of cognate reporters ( Figures  S6A-S6C) . Furthermore, although we could confirm Nbox-dependent transactivation in Drosophila S2 cells [23, 31, 32] , using a Pygo construct tethered to DNA by the DNA binding domain of dTCF (HMG-DPHD, [35] ) and two different reporters ( Figures S6D and S6E) , we discovered that this activity depended on the Nbox even if tested with the FOPflash control whose mutant TCF binding sites should make it impervious to the HMG chimera ( Figure S6E ), suggesting an ''off DNA'' effect. Some caution is thus needed in interpreting the results from these transactivation assays.
Based on our work, we propose a model according to which Pygo associates constitutively with dTCF target genes through its Nbox, to capture Armadillo through its PHD finger and the Legless adaptor ( Figure 4A) . In other words, Pygo could act as an Armadillo-loading factor whose function might be essential at limiting levels of activated Armadillo-either at low Wingless signaling levels or during the early phase of a Wingless response. Thus, Pygo could target even low levels of nuclear Armadillo to dTCF loci, thereby facilitating the efficient interaction between DNA-bound dTCF and Armadillo and enabling the subsequent recruitment of transcriptional cofactors. It is conceivable that the adaptor chain would rearrange after the capture of Armadillo ( Figure 4B ), which might enable a putative transactivation function of the Nbox binding factor [32] ( Figure S6 ), consistent with a dual role of Pygo [11] . In essence, our model envisages that Pygo predisposes dTCF target genes for efficient activation in response to Wingless. It explains why Pygo is required for efficient nuclear accumulation of Legless and Armadillo and why this requirement is bypassed by high levels of nuclear Armadillo [11] . Note that some dTCF target genes in Drosophila or mammals may not rely on this predisposing function of Pygo, and some modes of Wnt-induced transcription may proceed without it. The ultimate test of this model will depend on the identification of the Nbox binding factor and its proposed role in predisposing TCF target genes to Wnt-induced transcription. 
